In summary, the pivotal myosin VI prestroke structure reported by Menetrey et al.
Non-Neural Reflexes: Sponges and the Origins of Behaviour Sponges 'sneeze' without the benefit of nerves or muscles. While genomic analysis has uncovered a surprisingly complex set of molecular components in these ancient metazoans, physiological studies have revealed equally sophisticated cellular coordination.
Robert W. Meech
In 1825 Robert Grant beheld, for the first time, sponges ''vomiting forth, from a circular cavity, an impetuous torrent of liquid matter'' [1] . He argued that such excretions meant that sponges must be animals and not, as Aristotle believed, vegetables. Now Elliott and Leys [2] , working on the freshwater sponge Ephydatia muelleri (Figure 1 ), have reported a cellular basis for what they call sponge 'sneezing'. The surprising thing is that sponges have neither nerves nor muscles with which to produce a 'sneeze'. Apparently the non-neural origins of reflex behaviour are already represented in this ancient phylum.
Sponges are multicellular animals. They sit near the base of Darwin's evolutionary tree, at the interface between the single-celled Protozoa and metazoans with nervous systems, like those highly coordinated hunters and trappers -the jellyfish. At some stage in evolution, colonies of singlecells developed a competitive edge by moving to true muticellularity with individual units becoming specialized for different tasks. Cell communication is a prerequisite for multi-tasking, however, for without coordination the advantages of specialization disappear. Now, with the publication of the genome of the demosponge Amphimedon queenslandica (Joint Genome Institute 2005-7), the molecules of communication are being identified at last. Links with higher animals are reported monthly, such as the signals that specify the first embryonic axis in Amphimedon [3] and the scaffold-like synaptic proteins encoded in its genome [4] . Do protosynapses have proto-transmitters also? And do proto-synapses lead to proto-behaviour? Perhaps they do.
A sponge lives by filtering water for food. Water is pumped through a system of canals by beating flagella in internal choanocyte chambers. The main problem arises with damaging sediment in the incoming water. The three major classes of sponge deal with the problem in different ways. The glass sponges (Hexactinellida), which apparently lack contractile cells, stop the flow of water by directly arresting the beating flagella with calcium from action potentials that propagate to them by syncytial transmission pathways [5, 6] . The cellular sponges (Calcarea and Demospongiae), on the other hand, have no such pathways but regulate the incoming flow by compressing the flagellated chambers or by contracting the canal system (see [7] ). It is this process of compression and contraction that Elliott and Leys [2] have examined in detail.
It is difficult to follow the course of contraction in a large opaque animal like a sponge and so Elliott and Leys [2] turned to transparent juveniles hatched from over-wintering cysts. They found that, by 7-10 days, the juvenile sponge was fully formed and filtering water. It was tent-shaped with an osculum, described by Robert Grant as a ''fecal orifice'', like a long central chimney. Seen under time-lapse imaging, the sponge would 'sneeze' when agitated or when black calligraphy ink was placed nearby. The process has three phases. The sponge first inflates itself; a period of hiatus follows, and then an explosive contractile spasm causes accumulated indigestible matter to be expelled through the osculum. Each cycle lasts about 30 minutes but the event is characterized not so much by the strength or speed of the contraction as by its timing.
Following this process in detail reveals just how remarkable it is. Immediately ink is added to the incurrent water, the osculum contracts and its tip becomes constricted. Shortly afterwards there is a flattening of the tent-like apical pinacoderm. This double layered sheet of cells encloses the subdermal space and forms the surface of the animal. Its outer layer is pierced by numerous ostia. Water flows through the ostia into the subdermal space and then to the incurrent canal system via sieve-like prosopyles. The entry of ink into the incurrent canals triggers waves of peristalsis-like contractions there, which pull open the excurrent canals running alongside. Water is drawn through the ostia and pushed by peristalsis into the choanocyte chambers and then via the excurrent canals out into the osculum, so that the excurrent canals and the base of the osculum all become inflated. Eventually whole fields of ostia start to close, but inflation continues until the contraction of the osculum and excurrent canals together forces a gobbet of inky water up the chimney and away. At this time the apical pinacoderm flattens transiently as if the subdermal cavity is experiencing a negative pressure. Reopening of the ostia is coincident with the return of the apical pinacoderm to rest.
Defensive Barriers
From the preceding description we deduce that Ephydatia is constructed like a fortress with multiple layers of defense. At the first line of defense, noxious invading particles are denied access by narrow ostia. Those particles that do manage to enter the subdermal cavity are prevented from entering the canals by the second line of defense, the prosopyles. Individually their sieve-like structure provides a high impedance to water flow, but their large number reduces their contribution to what overall is a very low impedance system [8] . Under normal conditions the choanocyte pumps remove water from the subdermal cavity as fast as it can be replaced by flow through the ostia. If flow through the ostia is rate-limiting and low, the subdermal cavity will collapse so that the outer layer of the apical pinacoderm may even occlude the prosopyles -a possible third line of defense.
To prevent the apical pinacoderm collapsing, we may suppose that its upper layer is under tension. We may further suppose that this tension arises from continuous tracts of actin that span the whole sponge [2] . These tracts are in the basal layer of the apical pinacoderm, not the upper layer, and so if tension were to be relaxed, the whole tent-like structure would flatten, as indeed it does in the presence of ink. Nitric oxide, which relaxes muscles in the Cnidaria [9] , is a candidate as a mediator of this event, more especially because nitric oxide synthase has been detected in the apical pinacoderm (S. Leys, personal communication).
The incurrent canals provide a fourth line of defense, for, if the small particles that get through the initial vetting system prove to be noxious, the peristalsis-like canal movements force the water into the choanocyte chambers and beyond [2] . Peristalsis is a high impedance, high-pressure pumping system [8] suitable for clearing canal blockage. Presumably it can operate even if the flagella are immobilized.
The sponge's final defensive action is to eject the contaminated water as far away as possible. Sponges normally accomplish this in two ways. First, the tip of the osculum is well away from the surface of the apical pinacoderm; second, the water travels up through the relatively narrow chimney at a high velocity so that its momentum takes it beyond the sponge's water collection area [10] . When stimulated with ink, the sponge's first protective response is to contract its osculum [2] . This has an advantage if the sponge is being threatened by particulates in the incoming water. Water that has passed through the sponge has been cleared of debris and is effectively sterile. By retaining this water within its collection zone, the sponge increases its chances of taking up clean water.
Temporarily at least, this seems a logical strategy. The sponge's major commitment is to inflation, however. Constriction of the osculum tip markedly reduces the water outflow [2] leading to a build-up of tension at the base of the osculum. This means that when the contraction finally comes, the contaminated water is ejected at high velocity. Most of the ostia are closed so little water is forced back through the system. The fact that some ostia remain open and that particles in the subdermal space can be blown out through them [2] is an indication that the 'sneeze' is a generic response to a multitude of threats, as indeed the similarity of its response to vibration and to ink seems to testify.
The Elements of Non-Neural Coordination
Water flows rapidly through the osculum because its cross-sectional area is small compared to that of the choanocyte chambers [8] , but this flow will be sensitive to obstruction anywhere within the sponge. If we were designing a flow-sensitive system it is here that we would place our sensors. Indeed evolution may have come up with the same solution. The osculum does contain isolated cells with paired cilia that could conceivably detect changes in water movement (S. Leys, personal communication) . What is more, the osculum is the first structure to respond and for this reason alone, sensory cells are as likely to be found there as anywhere. But how do these putative sensory cells communicate with the contractile apparatus?
It is tempting to imagine that some of the faster contractions in Ephydatia might be coordinated by electrical conduction, but this seems unlikely. Although action potentials have been recorded from the glass sponge Rhabdocalyptus, the cellular pathways through which they propagate are either syncytia or cells coupled together with gap-junction-like structures [5, 6] . There seem to be no syncytia or electrical coupling in cellular sponges and, as no innexin or connexin-like molecules have been identified, it is likely that they rely on chemical messengers instead. The observation that cells crawling in the mesohyl stop moving as a contraction passes by strongly suggests this [2] . To enable waves of contraction to travel along incurrent canals without affecting excurrent canals, messengers and receptors must be cell-specific. Fortunately there is no shortage of candidate molecules. A wide range of different agonists including g-aminobutyric acid (GABA) and L-glutamate cause contractions in the marine demosponge Tethya wilhelma [11, 12] while metabotropic glutamate receptors have been cloned from Geodia cydonium [13] . Genes encoding the entire ionotropic glutamate receptor family are missing from the Amphimedon genome however [4] .
In considering the possible sources of these chemical agents we might remember that sponges exist at the interface between the single-celled and multi-celled worlds. Sponges not only feed on bacteria, they coexist with them. Many species have, within their mesohyl, a mass of highly specific, possibly symbiotic, bacteria, completely separate from the outside world [14] . A reduced flow within the canal system may cause these bacteria to alter their metabolism, particularly if carbon dioxide levels rise. The release of L-glutamate, synthesized using glucose and carbon dioxide, from the marine equivalent of Corynebacterium glutamicum, could cause a generalized contraction of sponge tissues.
Conclusion
The sponge's 'sneeze' is a truly integrated protective response; damage to any part of the system disrupts water flow and stops the cycle. The great advantage of studying it in Ephydatia is that the entire canal system is visible so that many of the hypothetical functions proposed here can be tested by locating pressure sensors at different points within the circuit. The role of chemical agents and stretch-activated channels in promoting calcium dependent contractions can also be monitored using visible dyes and indicators.
Current genome analysts have much in common with Robert Grant. Both find the single cell/multicellular interface productive and both interpret the sponge's orifices and molecules by analogy with structures in more familiar animals. By giving us a tool to study nonneural coordination, Elliott and Leys [2] have provided a new analog with which to interpret higher animal function.
